The microwave spectrum of the energetically unfavored gЈGg conformer of ethylene glycol (CH 2 OHOCH 2 OH) is reported. This spectrum is dominated by an interconversion geared-type large-amplitude motion during which each OH group in turn forms the intramolecular hydrogen bond. The microwave spectrum has been analyzed with the help of a Watson-type Hamiltonian plus a 1.4-GHz tunneling splitting. The rotational dependence of this tunneling splitting has been examined using an IAM approach and this yielded qualitative information on the tunneling path the molecule uses to interconvert between its two most stable conformers. Unexpectedly, but in agreement with ab initio calculations, when tunneling occurs between the energetically equivalent gЈGg and gGgЈ conformers, the OH groups are rotated stepwise through 240°in the sense of a flip-flop rather than a concerted rotation and the molecule goes through the more stable gЈGa and aGgЈ forms. The electronic reasons for preferring a long rather than a short rotational path via a gGg form are discussed using calculated adiabatic vibrational modes.
INTRODUCTION
Ethylene glycol is a member of an interesting class of triple rotor molecules principally capable of establishing different conformers and of performing large-amplitude motions. The coupled rotation around the CC bond and the two CO bonds can lead to a complex conformational behavior which was partly elucidated by experimental as well as theoretical means including microwave spectroscopy (1) (2) (3) (4) (5) , electron diffraction (6) , vibrational spectroscopy (7) , and quantum chemical calculations (6, 8 -22) . For a threefold rotational potential and three rotor groups, 3 3 ϭ 27, distinct conformations can be differentiated, which because of symmetry reduce to 10 (see Fig. 1 ), namely, six forms with an anti ( A) arrangement of the OH groups and four with a gauche (G) arrangement. It is well-known that in 1,2-disubstituted ethanes the G forms are mostly more stable than the A forms 1 because the gauche effect (23) is of importance for a molecule with electronegative substituents. In the case of ethylene glycol, there is in addition the possibility of intramolecular H bonding, which may add to the stability of a G conformer. Of the 10 forms shown in Fig.  1 , only the gЈGa and the gЈGg forms can establish intramolecular hydrogen bonds, and in the gas phase these two conformers are expected to be energetically favored.
Indeed, the microwave spectra of only two conformers have been identified so far (1) (2) (3) (4) (5) . In Ref. (1) , the microwave spectrum of the gЈGa conformer of the bideuterated DOCH 2 CH 2 OD isotopomer could be assigned and analyzed, while in Ref. (2) , for the same conformer, the microwave spectrum of the asymmetrically substituted monodeuterated isotopomer DOCH 2 CH 2 OH was observed. The first spectrum of the gЈGg conformer was recorded later (3) for the asymmetrically substituted bideuterated isotopomer HOCH 2 CD 2 OH. However, the microwave spectrum of the normal species (4) remained unassigned for a long time. It was only in 1995 (5) that the first transitions of the gЈGa conformer were identified. In this species a large-amplitude coupled rotation of the two hydroxyl groups heavily perturbs the spectrum and leads to a 7-GHz tunneling splitting. The energy-level pattern is significantly altered from that of a rigid rotor and the assignment would not have been possible without two very selective and powerful techniques: molecular bean Fourier transform microwave spectroscopy (MBFTMW) and microwave-microwave double-resonance spectroscopy (MWMWDR). The former technique allows for the identification of transitions with low J values (due to rotational temperatures in the range of a few kelvins) and the latter only records a signal in the case that two frequencies simultaneously fit into a three-level system (two transitions share a common level). In order to account for the perturbations due to the tunneling process, a theoretical model was formulated, based on the internal axis method (IAM) developed for multidimensional tunneling (24, 25) . This method allowed for a satisfactory reproduction of the observed frequencies of both the normal and bideuterated O-d 2 species of the gЈGa conformer (5) . Thus the analytical model was available to start the search for the energetically less favorable (3) hydrogen-bonded conformer gЈGg and to describe its rotational behavior. For this purpose, a two-pronged strategy was followed by combining MW measurements with quantum chemical calculations. On the basis of these investigations, we are able to present the microwave spectrum of the normal species of the gЈGg conformer, to discuss its relative stability, and to predict its most likely conversion modes on the conformational energy surface (CES). Last, we will show that results of the analysis of the microwave spectrum and of the ab initio calculations lead to the same description of the conformational behavior of ethylene glycol.
COMPUTATIONAL DETAILS
Both density functional theory (DFT) (26, 27) and secondorder Møller-Plesset (MP2) theory (28) were used to describe the rotational behavior of G-ethylene glycol. Preliminary geometry optimizations and vibrational frequency calculations were performed with the B3LYP exchange-correlation hybrid functional (29) employing Poples 6-31G(d, p) basis set (30) . However, DFT is known to describe H bonding in a satisfactory way provided the basis set has at least TZP quality (31) . Also, in recent work (32) it was found that even B3LYP/6-311ϩG(d, p) may lead to an unreasonable description of H bonding, which was confirmed in the present work. Therefore, B3LYP geometries were used as starting geometries for the more reliable MP2/6-311G(d, p) geometry optimizations and vibrational frequency calculations.
The convergence criteria of the geometry optimization were set to 10 Ϫ5 atomic units for the rms error of the calculated atom displacements and the rms error of the calculated forces exerted on the atoms. In this way, calculated distances and angles can be expected to be numerically accurate to 10 Ϫ4 Å and 0.01 degree.
Calculated vibrational modes were investigated using the adiabatic internal mode (AIM) analysis of Refs. (33, 34) . This approach is based on a decomposition of normal modes in terms of adiabatically relaxed internal parameter modes that are not contaminated by any other mode of the molecule. As has been shown previously (35) , the adiabatic mode analysis is superior to the potential energy distribution (PED) analysis and provides reliable internal frequencies and internal force constants that can directly be assigned to the internal parameters of a molecule (36) . In this work, the adiabatic modes will be used to describe H bonding and to rationalize the preferred rotational mode of G-ethylene glycol.
For all molecules considered, zero point energy (ZPE), thermal corrections, and entropies S were determined to evaluate relative enthalpies ⌬H(298) and relative free enthalpies (Gibbs energies) ⌬G(298) at 298 K. Calculations were carried out with the ab initio packages COLOGNE99 (37) and GAUSSIAN98 (38) .
ASSIGNMENT OF THE SPECTRUM
As the experimental setup for the MWMWDR experiment and for the MBFTMW pulsed spectrometer used for the present measurements are the same as those used in our previous paper (5), the reader is referred to that paper for a detailed description of these spectrometers.
The gЈGg conformer was already identified in two asymmetrically substituted ethylene glycol isotopomers (3), thus the question for the normal species was not whether, but how, to find this conformer.
The first step in the search for this second conformer was a least-squares refinement of the structure based on ab initio calculations. Starting from the ab initio model, seven parameters were fitted to rotational constants of the gЈGa conformer from the normal to the bideuterated species (1-3), the molecules being HOCH 2 equivalent hydroxyl groups the one in bold script partakes in the hydrogen bond.
The following parameters were allowed to vary: two CO bond lengths, one CCO bond angle, the OCCO dihedral angle, and two CCOH dihedral angles, as well as one COH bond angle. The mean deviation of the rotational constants for this model of the gЈGa conformer was less than 6 MHz.
These refined values of the structural parameters were exported to the gЈGg conformer maintaining the calculated (ab initio) differences between the two conformers. The resulting model was tested by comparison of the predicted rotational constants with those of the two asymmetrically substituted isotopomers that had already been identified (3) . Based on these deviations, a set of rotational constants were finally predicted for the normal species of the gЈGg conformer. The structural parameters for the two conformers are shown in Table 1 and the predicted rotational constants for the gЈGg conformer are shown in Table 2 . The atom numbering used to identify the structural parameters in Table 1 is defined in Fig.  2 for both the gЈGa and the gЈGg conformers.
However, even with a presumably good model, the experimental part of this investigation still posed problems. The spectrum is very crowded in all regions and since even the search for characteristic transitions of the energetically favored conformer ( gЈGa) failed to yield an assignment, albeit under different circumstances and with a weaker model, an analysis of the stark spectrum in order to identify transitions belonging to the gЈGg conformer did not seem very promising.
Use of the double-resonance technique had proven itself invaluable by the search for and assignment of transitions
TABLE 1 Structural Parameters for the gGa and gGg Conformers of Ethylene Glycol
a In this column the structural parameters are given. Bond distances and bond angles are respectively given in Å and degree units. The atom numbering is defined in Fig. 2 .
b Values obtained for the structural parameters through the ab initio calculations are reported in this column. c In this column, values obtained for some of the structural parameters of the gЈGa conformer by fitting the rotational constants are given. A blank entry means that the corresponding parameter was not varied.
d The values for the structural parameters of the gЈGg conformer listed in this column were obtained maintaining their difference with the calculated (ab initio) values equal to those for the gЈGa conformer. 
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gЈGg CONFORMER OF ETHYLENE GLYCOL belonging to the gЈGa conformer, but the trouble with the present DR setup is the very low radiation density and, as a result of this, a double-resonance cross-sectional depth of only a few megahertz at the absolute powers applied for the pumping radiation (ϳ1 W). Thus DR is of great benefit with likely candidates for a DR search but extremely time consuming (at this cross-sectional depth) without such candidates, which left MBFTMW as the last one out.
It would not be practical to suggest the use of a supersonic molecular beam technique for the search for an energetically unfavored conformer (3), except that this matter really depends on the shape of the potential hypersurface (39) . If the molecules in the molecular beam are basically adiabatically cooled to rotational temperatures of a few kelvins, some molecules will end up in the ground state of the energetically unfavored conformer and will then be available for the FTMW experiment. If the cooling is basically diabatic, however, or the barrier between the two conformers rather low, all molecules will probably end up in the ground state of the energetically favored conformer.
We decided to take the chance using MBFTMW spectroscopy and asked A. Hight Walker and R. D. Suenram, Molecular Physics Division, NIST, who had taken part in the investigation of the gЈGa conformer of ethylene glycol (5), to help out. In Ref. (4) it was explained for the gЈGa conformer that an interchange of the two hydroxyl groups conserves the sign of the b component of the dipole moment, whereas it changes the sign of its a and c components. This is also true for the gЈGg conformer. If we assign the quantum number v ϭ 0 or v ϭ 1, respectively, to the lower and upper sublevels arising from the tunneling through the concerted torsion barrier, the most easily recognizable part of the spectrum will be the (perhaps slightly distorted) ⌬v ϭ 0 rigid-rotor b-type spectrum, probably consisting of narrow doublets (v ϭ 0 or v ϭ 1 sublevels), whereas the ⌬v ϭ 1 a-and c-type transitions will be split by an at first unknown amount, depending on the shape of the barrier. The MBFTMW search was therefore initiated in order to identify low J b-type transitions in the 10 -20 GHz region, guided by model calculations with the predicted rotational constants.
A first look at the MBFTMW spectrum in the 10.4 -12.0 GHz region did not seem to provide much ground for optimism. The spectrum shows three doublets that all belong to the gЈGa conformer: 2 02 4 1 11 (v ϭ 1 at 10 534.513, v ϭ 0 at 10 551.877 MHz), 1 10 4 1 01 (v ϭ 0 at 10 747.533, v ϭ 1 at 10 754.257 MHz), and 2 11 4 2 02 (v ϭ 0 at 11 785.804, v ϭ 1 at 11 810.300 MHz). Digital erasure of the strongest lines and subsequent amplification of the rest spectrum did, however, reveal the presence of weak lines that definitely did not belong to the gЈGa spectrum. One should be aware, of course, that the sensitivity of the method at this scale of amplification allows for the detection of lines belonging to the 13 C isotopomers of the gЈGa conformer, but a couple of weak transitions seemed to correspond very well with the predicted b-type spectrum of the gЈGg conformer: the 1 10 4 1 01 transition, predicted at 10 598 MHz and observed at 10 618.526 and 10 619.115 MHz; the 2 11 4 2 02 transition, predicted at 11 608 MHz and observed at 11 628.931 and 11 629.509 MHz; and the 1 11 4 0 00 transition, predicted at 19 788 MHz and observed at 19 809.432 and 19 811.497 MHz. Using these three transitions in a rigid-rotor fit refined the rotational constants of the model and allowed for a more precise prediction of the 3 12 4 3 03 transition. It was predicted at 13 260.0 MHz and observed at 13 261.040 and 13 263.449 MHz. With these four sets of lines, a sound basis for a double-resonance search had been established. As by the analysis of the gЈGa spectrum, the search for DR signals at first concentrated on b-type transitions, pumping the already identified (MBFTMW) transitions. Table 3 gives the pump and probe transitions of the initial DR search.
Eventually the search was extended to cover a-and c-type transitions, at first pumping already identified b-type transitions. So far 180 transitions with a maximum J of 7 have been assigned. The frequencies are listed in Table 4 and the resulting spectroscopic parameters are listed in Table 5 In addition to the atom numbering, some of the bond distances obtained by ab initio calculations are also given. The complete set of internal coordinates calculated at the MP2/6-311G(d, p) level of theory is given in Table 1. 188 CHRISTEN ET AL.
lines are drawn in Fig. 3 . The rotational constants (including centrifugal distortion) do not deviate markedly from those of the gЈGa conformer, but the tunneling splitting is only 1.4 GHz compared to 7 GHz in the gЈGa conformer. Thus either the barrier height in the gЈGg conformer may be considerably higher than the one in the gЈGa conformer or the tunneling path may be "longer," i.e., the barrier is wider. The results of Section 6 seem to confirm this latter hypothesis.
THE CONFORMATIONAL ENERGY SURFACE
In the present investigation, the torsional angles 1 ϭ ЄH 8 O 6 C 0 C 1 and 2 ϭ ЄH 9 O 7 C 1 C 0 will be used to characterize the different conformations of ethylene glycol. They differ from those used in the previous paper (5) by a 180°additive factor. Figures 4 and 5 give a schematic representation of a part of the periodic conformational energy surface (CES) spanned by the angles 1 and 2 . The gЈGg conformer which will be labeled 1 is close to the point ( 1 , 2 ) ϭ (Ϫ60, 60) and can rotate into the gGgЈ conformer, labeled 2, by a concerted disrotatory motion of the two OH groups as indicated by the dashed line in Fig. 4 . However, this would imply a high-energy process since the aGa form has to be passed, which because of lone pair-lone pair repulsion possesses a relatively high energy. For the same reason, the concerted conrotatory interconversion between gGg and gЈGgЈ forms (see Fig. 4) is also unlikely. G-ethylene glycol can avoid the concerted paths by a nonconcerted flip-flop rotation, in which first one of the OH groups rotates from a g to a gЈ position and, then, the other OH group follows by a rotation from the gЈ to the g conformation. By the sequence of OH rotations, two paths are defined on the CES: Path A corresponding to a (0, 240)-(240, 0) flip-flop process from conformation 1 to conformation 2 in which the second OH group, the position of which is characterized by 2 , rotates first. Path B represents a shorter (120, 0)-(0, 120) flop-flip rotation from 1 to 2 (lower left corner of Fig. 4) , in which the sequence of OH rotations is changed.
Both paths lead to transient forms. Path A goes through the gЈGgЈ form; path B through the gGg (see Figs. 4 and 5, in which intramolecular H bonding is no longer possible and which therefore should be higher in energy than any of the H-bonded conformations). A priori, it is difficult to see whether H,H repulsion as in the gЈGgЈ form or lone pair-lone pair repulsion as in the gGg form are more destabilizing. A prediction based on the least-motion principle would suggest path B to be more likely, in particular since the effective barrier for H tunneling should be smaller for this path. Hence, it is another goal of this work to clarify whether path A or path B is preferred for the interconversion between gЈGg conformers.
ANALYSIS OF THE SPECTRUM AND TUNNELING PATHS
As pointed out in the introduction, the gЈGa and gЈGg conformers of glycol both display a large-amplitude motion which significantly alters their rotational energy levels and prevents the use of a Watson-type Hamiltonian to calculate their spectra. For this reason a theoretical model was developed in the previous investigation (5) . In the present investigation there is no need to reformulate a theoretical model because the gЈGg and gЈGa conformers display the same kind of largeamplitude motion which, as described in the previous sections, corresponds to rotations of the two hydroxyl groups with respect to the CO bonds. More precisely, from the point of view of symmetry, both conformers are equivalent. When the gЈGg conformer tunnels along one of the tunneling paths described previously, the symmetry relations obeyed by the reference position of the atoms are the same as in the case of the gЈGa conformer and this means that Eq. [2] of Ref. (5) is also valid in the present case. For that reason, the results given in Section 4.C of Ref. (5) can be readily used in this investigation and the reader is referred to that paper for further information.
The assigned transitions of the gЈGg conformer were included in a least-squares fit procedure where transitions were given a weight equal to the square of the inverse of their experimental uncertainty. The parameters of Eqs.
[8]- [10] and [14] of Ref. (5) were fitted to the experimental frequencies. Table 4 lists the assignment, the observed frequency, and the observed minus calculated difference for each transition. Table 5 gives the values of the spectroscopic parameters 
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h 2v is such that 2 ϫ h 2v is the tunneling splitting for J ϭ 0. The parameters h 2k and h 2j account for distortion effects on the tunneling splitting. Finally, the angles 2 and 2 describe the rotational dependence of the tunneling splitting and are such that the Eulerian-type rotation,
is the rotation through which the whole molecule must be rotated in order to cancel the angular momentum generated along the tunneling path (5, 24, 25) . The present analysis does not allow us to carry out a unique determination of the angle 2 since, as can be gathered from Eqs. [8] and [9] of Ref. (5), making the substitution 2 3 Ϫ 2 does not alter the energy levels but merely changes a phase factor in the Hamiltonian matrix. The values of the angles 2 and 2 will nonetheless help us to discriminate between path A and path B and this will be discussed in the following section.
THE ROLE OF H BONDING AND TUNNELING FOR THE CONFORMATIONAL BEHAVIOR
The results of the ab initio calculations at the MP2/6-311G(d, p) level are summarized in Table 6 (relative energies and enthalpies) and in Table 7 and Fig. 6 (MP2 geometries) and used in the following to investigate the CES of glycol and to obtain information on the tunneling path the molecule takes when it interconverts from one conformer to the other using either path A or path B as schematically shown in Fig. 4 .
In the ab initio calculations, seven stationary points were determined and the 24 internal coordinates of the molecule were calculated. Three of these stationary points are true minima (Table 6 ) corresponding to the gЈGa(aGgЈ), gЈGg( gGgЈ), and gGg conformers. The four other stationary points are first-order or second-order saddle points as documented by the number of imaginary frequencies. One of them is the gЈGgЈ conformation located on path A; the two other ones will be labeled TS1 and TS2, while the second-order transition state is denoted as TS3. Figure 5 illustrates qualitatively these results where an arbitrary CES contour plot is shown along with the calculated stationary points and the tunneling paths described in the previous sections.
The calculated energies, enthalpies, and free enthalpies all identify the gЈGa conformer to be more stable than the gЈGg conformer (⌬E ϭ 0.09 kcal/mol, Table 6 ), in line with results published by Teppen and co-workers obtained with a similar approach (17) . However, contrary to these authors, we determined also the zero-point energy difference between the gЈGg and gЈGa to be ⌬ZPE ϭ 0.23 kcal/mol at the MP2/6-311G(d, p) level of theory. The sum energy difference plus zero-point energy difference is equal to 0.32 kcal/mol and is in excellent agreement with the experimental value of 0.33 Ϯ 0.1 kcal/mol measured by Kristiansen et al. (3) . These authors speak in their publication of an internal energy difference based on a comparison of MW intensities. We note that experiments were carried out under Boltzmannian equilibrium conditions and, therefore, any intensity measurement can only give information on the population of the two conformers and by this on the total energy difference which is the sum of the difference (⌬E) between the two points of the PES corresponding to the gЈGg 
TABLE 6 MP2/6-311G(d, p) Energies and Enthalpies of Some Ethylene
Glycol Forms with a G Conformation a a Relative energies ⌬E, relative enthalpies ⌬H(298), Zero Point Energies (ZPE), relative free enthalpies ⌬G(298) in kcal/mol, and entropies S in cal/(mol ⅐ Kelvin). For the reference form gЈGa absolute energy and enthalpy are given in hartrees (ϭ 627.52 kcal/mol). NI denotes the number of imaginary frequencies. The gGg form corresponds to a true minimum. The TS1, TS2, TS3, and gЈGgЈ forms are first order or second order saddle points, as indicated in Table 6 .
b In this column structural parameters are given. Bond distances and bond angles are respectively given in Å and degree units. The atom numbering is defined in Fig. 2.   193 gЈGg CONFORMER OF ETHYLENE GLYCOL and gЈGa plus the difference in zero-point energy (⌬ZPE) between the two conformers.
Even though there is good agreement between observed and calculated total energy difference, in view of the smallness of the energy difference ⌬E compared to the zero-point energy difference ⌬ZPE, we cannot exclude that gЈGg and gЈGa actually possess the same energy. In this connection it is interesting to note that all previous quantum chemical work on ethylene glycol (6, 8 -22) failed to calculate stability differences of its conformers at a consistent, sufficiently high level of ab initio theory such as that carried out in this work (geometries, energies, vibrational frequencies, enthalpies, entropies, free enthalpies all at the MP2/6-311G(d, p) level), not to speak of the fact that rotational TSs of the molecule were never calculated before. So far, the present investigation can be considered to represent the most reliable ab initio investigation on ethylene glycol ever published.
The two conformers are separated by a rotational barrier of 1.47 kcal/mol (1.38 kcal/mol for the reverse rotation; activation enthalpies: 0.81 and 0.64 kcal/mol, Table 6 ) defined by the energy of TS2, which is located at ( 1 , 2 ) ϭ (Ϫ50.4, 124), thus indicating that during the rotation of the O 7 H 9 group the position of O 6 H 8 group is only slightly adjusted. Conversion of the gЈGa conformer into the equivalent aGgЈ conformer requires an increase in the energy by 1.72 kcal/mol to surmount the barrier located at (Ϫ77.4, Ϫ77.4); activation enthalpy: 0.95 kcal/mol, Table 6 , and populated by a gЈGgЈ form. Hence, the interconversion 1 3 2 along path A passes three saddle points TS2, gЈGgЈ, and TS2, where the gЈGgЈ barrier is slightly higher than the TS2 barriers as can be gathered from Table 6 .
Rotation along path B leads from 1 to TS1 (3.33 kcal/ mol), then to a local minimum occupied by a gGg form (3.18 kcal/mol) and via another TS1 to 2 (see Fig. 5 ). The data listed in Table 6 reveal that after ZPE corrections the gGg minimum transforms into a transition state, which is at 2.91 kcal/mol (⌬H(298) ϭ 3.04; ⌬G(298) ϭ 3.09 kcal/ mol) and by this more than twice as large as the barrier at TS2. Hence, ab initio theory clearly predicts path B to be energetically unfavorable.
The OH group donating an H atom in the H bond, which will be henceforth denoted D group, has to be distinguished from the H-accepting OH group, denoted henceforth AC group. Considering the difference in free enthalpy values of the TSs for path A and path B, more than 90% of the ethylene glycol molecules tunnel from the gЈGg conformer to reach the gGgЈ conformer, which implies an initial rotation of the AC group O 7 H 9 (Fig. 4) . This is a direct consequence of the fact that the D group O 6 H 8 prefers to keep its position as long as possible.
Investigation of the electron density distribution and the associated Laplace concentration of the lone pairs at the AC group O atom shows that in the gЈGa and gЈGg conformers the D group orients its H atom exactly in the direction of one of the electron lone pairs at the AC group. The distance between the H of the D group and the O of the AC group is just 2.26 Å (Fig.  2) , which as a consequence of two vicinal OH groups is some 0.2 Å smaller than observed for intermolecular H-bonding (40) .
Calculation of the adiabatic OH stretching and CCOOH torsional force constants and frequencies (these are related to the OH bond strength and the magnitude of the barrier for rotation at CCOOH) reveals that there are characteristic differences between D and AC groups as emphasized by Table 8 . The OH bond of the D group is weakened and that of the AC group strengthened relative to suitable reference OH groups without any possibility of H bonding as for example in the gGg form. Similarly, rotation is much easier for the AC group than for the D group as is indicated by the adiabatic torsional frequencies of 488 and 259 cm Ϫ1 of D and AC groups, respectively, in the gЈGa conformer. The differences between D group and AC group decrease when the molecule is rotated from the gЈGa into the gЈGg form ( Table 8 ), indicating that although H bonding still exists in the latter form it is weakened because of geometrical limitations.
If one considers that the lone-pair region at an O atom may stretch over 120 -150°on the backside of the COOOH unit, then it will be easy to understand that relatively small adjustments in the D group position can keep H bonding intact during a 120 -150°rotation of the AC group, while on the other hand just a 10°rotation of the D group weakens the H bond significantly due to a relatively strong increase of the H(D group)OO( AC group) distance. This is the reason the molecule prefers the longer path A as shown in Fig. 5 where tunneling is first almost parallel to the 2 axis. There is also no possibility for the molecule of following the conrotatory path from gЈGgЈ via TS3 and by this changing from path A to path B. TS3 is a second-order transition state of relatively high energy (6 kcal/mol, Table 6 ), which the molecule will not pass.
The unfeasibility of path B (dashed line in Fig. 5 ) is confirmed when the angles 2 and 2 , reported in Table 5 , are calculated theoretically starting from the above tunneling paths and compared to the values obtained in the analysis. A similar calculation was carried out in Section 5 of Ref. (5) and requires a path parameterization of chosen internal coordinates of the molecule along the path in terms of the path coordinate equal to Ϫ1 at conformer 1 and to ϩ1 at conformer 2 (see Ref. (24)). In this investigation all 24 internal coordinates of the molecule were expressed in terms of . This is illustrated in Fig. 7 where the torsional angles 1 and 2 are plotted as a function of for both path A and path B. Theoretically calculated values for the angles 2 and 2 are given in Table 9 , where the values obtained in the analysis are also listed. Even though the value of 2 could not be unambiguously determined (see Section 5), there is satisfactory agreement for path A but not for path B. This further confirms that the feasible path displayed by the gЈGg is indeed path A.
CONCLUSIONS
With the use of MBFTMW and MWMWDR techniques it was possible to assign and to analyze rotation-torsion frequencies of the gЈGg conformer of ethylene glycol. Furthermore, it was possible to combine the experimental data with ab initio calculations to yield unequivocal evidence for the tunneling path of the gЈGg as well as for the gЈGa conformers leading to their symmetrically equivalent counterparts ( gGgЈ and aGgЈ, respectively). Thus, for the first time, a more global refers to the stretching motion of the donor (acceptor); D torsion ( AC torsion) to the torsional motion of the donor (acceptor); ⌬ stretch and ⌬ torsion to the difference between acceptor and donor with regard to the quantity indicated.
b Frequencies are given in cm Ϫ1 . c Force constants are given in N/cm for stretching modes and in 10 Ϫ16 N ⅐ cm/rad 2 for torsional modes.
FIG. 7.
The angles 1 and 2 are plotted as a function of the unitless path coordinate for path A and B. Conformers 1 and 2 are given by ϭ Ϫ1 and ϭ ϩ1, respectively. Solid lines correspond to path A; dashed lines correspond to path B. The fact that for path A both OH groups are rotated by a larger amount than for path B is obvious. a In this column, the letters A and B are used to identify the path. 'Analysis' indicates that the values given are those, reported in Table 5 , obtained from the analysis of the microwave data.
